A screening of metals, persistent organic pollutants, pharmaceuticals and personal care products (PPCPs), and other organic contaminants in sludge from seven Swedish sewage treatment plants (STPs) was performed in this study. This extensive screening provides information on mass flows of 282 compounds used in the Swedish society to sewage sludge. It reveals constant relative contaminant concentrations (ng-mg kg -1 d.w.), except for some pesticides and perfluorinated compounds, indicating that these originate from broad usage and diffuse dispersion rather than (industrial) point sources. There was a five order of magnitude difference in the sum concentrations of the most and least abundant species (metals and polychlorinated dibenzo-p-dioxins and -furans, respectively). Lower total concentrations were found in sludge from STPs processing primarily food industry or household sewage. Proportions of the amounts used (in Sweden) found in sludge were lower for compounds that are present in consumer goods or are diffusely dispersed into the environment (0.01-1% recovered in sludge) than for compounds used as detergents or PPCPs (17-63%). In some cases, the recovery seemed to be affected by evaporation (e.g. octamethylcyclotetrasiloxane) or biotransformation (e.g. adipates) losses, while polychlorinated alkanes and brominated diphenyl ethers were recovered to disproportionately high degree (ca.4%); likely due to incomplete statistics for imported goods.
Introduction
Municipal sewage treatment plants (STPs) process sewage from a variety of sources, e.g. households, industrial sites, and hospitals, and the final solid product is usually dewatered digested sludge. Sludge contains nutrients and organic matter that should be used in agriculture as soil improvement, but also substances that pose environmental and health hazards. The fate of chemicals during sewage treatment depends on both the treatment process and the nature of the substance; by volatilization, biodegradation, sorption to sludge or discharging into recipient water (Zitomer and Speece, 1993) . STPs can be considered as secondary sources of pollutants discharged into the environment (Harrison et al., 2006; Kinney et al., 2006; Xia et al., 2005) .
Large quantities of pharmaceuticals and personal care products (PPCPs) may enter the aquatic environment via STPs and due to their negative effects on aquatic organisms (DeLorenzo and Fleming, 2008; Kuriyama et al., 2005; Muirhead et al., 2006) PPCPs are classified as emerging pollutants. Domingo and Bocio (2007) concluded that frequently high consumption of certain fish species could increase the health risks by polychlorinated dibenzo-p-dioxins and -furans (PCDD/Fs) and polychlorinated biphenyls (PCBs) intake. Results from intake studies (Darnerud et al., 2006; Kiviranta et al., 2004; Schecter et al., 2001) concluded that levels of persistent organic pollutants (POPs) in fish are generally higher compared to other foods. Darnerud et al. (2006) also showed that fish (major), meat, dairy products, and fats/oils are sources to POPs intake for Swedish consumers. Harrison et al. (2006) concluded that more data are needed on contaminant concentrations in sludge as well as temporal trends to enhance our knowledge about their presence in sludge. This is especially of importance during risk assessment of land applications of sludge and to identify needs (if any) for further restrictions. As phosphorus resources will be depleted (Steen, 1998) , land applications of biosolids (treated sewage sludge) are important in terms of sustainable nutrient management. Clarke and Smith (2011) concluded that emerging organic compounds (OCs) will not put human health at risk when recycling biosolids on land.
In Sweden, the annual production of STP sludge amounts to approximately 240000 tonnes dry weight (d.w.) per year (Swedish EPA, 2007) , with phosphorus and nitrogen contents of ca. 3% and 3.5%, respectively. Optimizing the use of these nutrients in the sludge could be highly significant in terms of conserving resources. According to a Swedish Government decision, by 2015 at least 60% of the phosphorus originating from sewage should be returned to productive soil, half of which should be applied to arable land (Swedish EPA, 2002; Wallgren, 2001) . The strategy for meeting this objective includes: (i) increasing the recovery of nutrients and (ii) reducing the contents of hazardous substances. The greatest challenge may be to reduce the contents of hazardous substances in sludge and sludge-amended soil sufficiently to fulfill legal requirements and to convince consumers and consumer organizations that products grown on such amended soil are safe.
The purposes of this study were to: (i) perform a screening of metals, POPs, PPCPs, and other OCs in sludge from Swedish STPs with various characteristics; (ii) investigate possible correlations between the annual quantities used in Sweden and the measured concentrations in sewage sludge; (iii) assess whether the percentages found in sludge (relative to the amounts used) are related to physicochemical properties or biodegradability of the pollutants; (iv) examine distribution patterns between and within STPs; and (v) identify potential sources of considered pollutants (e.g. domestic, industrial or storm water).
Material and methods

Selection of compounds and STPs
The target compounds and the STPs were selected together with the Swedish EPA, additional information can be found in supplementary data. Main application areas for the compounds and annual quantities used in Sweden (2004) are summarized in Table 1 , and physicochemical properties in Table 2 and S1. Table 3 and Fig.S1 presents descriptive data of the STPs.
Analysis and data evaluation
The analyses were performed by several qualified laboratories, each following strict quality guidelines. Generally, internal standard quantification was used to compensate for losses during clean-up and analysis. For non-accredited analyses the extraction efficiencies were checked (e.g. using re-extraction) and found to be sufficient (better than 95%). The uncertainties of the analytical methods were in the range 20-40% (for detailed information on the analytical techniques applied see Table S2 ).
Mass flows (MFs) of the compounds were calculated, based on the measured concentration (MC) and the annual production (in Sweden) of sewage sludge, assuming that all sludge generated is spread on land (that is a reasonable approximation, since only small proportions are incinerated). To assess the proportions of the substances used in the technosphere that reach the STPs and associate with sludge, MFs were compared to the recorded amounts used in Sweden (Swedish Chemicals Agency, 2007b) .
Principal component analysis (PCA), a multivariate data analysis tool, was used (SIMCA-P+11; Umetrics, Sweden) to extract and visualize major patterns and trends in the data and to generate an easily interpreted overview of the results. The PCA model includes the compounds that have been analyzed in all STPs (n=7) and results <LoD (limit-of-detection) were set to ½LoD. The data were mean centered and scaled to unit variance to make all parameters equally important.
Results and discussion
Sludge quality
The total and relative concentrations of the target compounds (Table 4 and S3) were found to be comparatively constant on d.w. basis, indicating that sludge contaminants originate from broad usage and diffuse dispersion rather than from (industrial) point sources, even though industries also contribute to chemical constituents in the sludge. Lower levels of the pollutants (35%, on average) were detected in sludge from STPs C and G, processing large quantities of water from a food industry (rich in organic substances and lean in pollutants) and household sewage (lower in industrial pollutants), respectively, than in sludge from the other STPs.
Currently there is European maximum residue limits (MRLs) established for seven metals (in Sweden: Cd, 2; Cr, 100; Cu, 600; Hg, 2.5; Ni, 50; Pb, 100; and Zn, 800 mg kg -1 d.w.) in sludge for agricultural purposes; there are no legal limits for OCs. However, recommended limit values (Sweden) have been set for three groups of "indicator" OCs, i.e. PAHs (3 mg kg -1 d.w.), PCBs (0.4 mg kg -1 d.w.), and 4-nonylphenol (50 mg kg -1 d.w.) (Swedish EPA et al., 1995) . All pollutants measured in this study were below their respective limit. This also applies to the suggested limits in the EC "Working document on sludge" (CEC, 2000) (Di-(2-ethylhexyl) phthalate, DEHP, 100; 4-nonylphenol, 50; ∑PAH 9 , 6; and ∑PCB 7 0.8 mg kg -1 d.w.; PCDD/Fs, 100 ng TEQ kg -1 d.w.).
In order to obtain an overview of the sludge contaminants, currently not regulated, the median of the total concentration of each group of compounds detected at each STP was used (Fig.1 ). There was a five order of magnitude difference in the total concentrations; with metals detected in highest and PCDD/Fs in lowest concentrations. Currently, the EC is assessing if the more than 20-year old sludge directive should be reviewed and revised (http://ec.europa.eu/environment/waste/sludge/index.htm). The data generated in this and other studies provide a wider database of sludge contaminants and aid in the discussions of future limit values.
Use pattern and sludge contaminant mass flows
The intended use of consumer chemicals, the principal emission routes from articles in use in society (molecular or particulate) and long-range air transport (reaching the sewer system via storm water systems) will all affect the sludge quality. In the case of emissions from consumer articles it is expected that molecular emissions are (relatively) more important for volatile compounds and particulate emissions more important for semi-volatile (high molecular weight) compounds.
Comparisons of quantities used in the Swedish society and annual MFs for sludge (Table 4) may be utilized to identify use related, STP treatment related, and other factors affecting the sludge quality.
Metals are used in large quantities in the society and this is reflected in the MF-value (190 tonnes year
) which is highest of all compound classes. Of the remaining abundant compound classes (with MFs>250 kg year -1 ) a majority originates from PPCPs (siloxanes, triclosan (antibacterial), BHT (antioxidant), and fluoroquinolone (FQ) and tetracycline (TC) antibiotics), detergents (4-nonylphenol) or pesticides (incl. biocides); products that are used in such a way that release to the sewer system is inevitable. Many of these compounds (siloxanes, 4-nonylphenol, FQs, TCs, and triclosan) have high affinity to sludge (Buyuksonmez and Sekeroglu, 2005; IVL, 2005; Lindberg et al., 2006; Ying and Kookana, 2007) . Consequently, it is logical that high proportions of the used amounts are recovered in sludge. Of the annual quantities used in Sweden, 63% of the FQs, 51% of the TCs, 41% of 4-nonylphenol, 29% of triclosan, and 17% of the siloxanes were found sorbed to sludge.
High MFs (>10 tonnes year 1 ) were also obtained for two groups of high volume plastic additives (Table 4) , phthalates (plasticizers) and polychlorinated alkanes (PCAs; flame retardants and plasticizers). These pollutants are presumably evaporating at a low rate from plastic materials, partitioning to dust, and reach the sewage system following cleaning of indoor environments. Although the emission rate is expected to be low, the stock of plastic materials in society is large and the resulting total emitted amounts substantial.
The percentages of PCAs, and the closely related polybrominated diphenylether flame retardants (PBDEs), found sorbed on sludge were remarkably high (4.1 and 3.7%, respectively) -much higher than for organophosphate triesters (OPs; plasticizers and flame retardants) and phthalates (0.06 and 0.04%, respectively). Since all of these classes of compounds have low volatility and, thus, presumably low emission rates, the 10-fold higher percentages recovered of PCAs and PBDEs are hard to explain by intrinsic physicochemical properties. Instead, it may be due to limitations of the national use statistics, not including chemicals in imported articles. It is likely that considerable amounts of PCAs and PBDEs are entering the country as (unrecorded) additives in imported textiles, plastic articles, computers, and other electronic goods, etc. 
Factors affecting mass flows
It should be noted that many other factors, in addition to loads of pollutants at STPs, affect their levels in the sludge. The pollutants may, for instance, evaporate/degrade during the treatment process, or pass the STP due to highly water solubility and low sludge affinity. These processes are often related to the physicochemical characteristics (Table 2 and S1) and biodegradability of the compounds.
Evaporation
The volatility of the contaminants may affect the MF-values in two ways; it may (i) affect the initial emission rates of additives in consumer articles and (ii) affect the evaporative losses in the sewage treatment process. A linear relation was observed between the molecular weights of plastic additives and the percentage recovered in sludge (R 2 =0.94; Fig.2 ), which may indicate that the latter process is more important than the first (for these compounds). However, the compounds included in Fig.2 ) that substantial evaporation is unlikely. These compounds are therefore most likely emitted from consumer articles mainly through particulate emissions or leaching upon washing or cleaning (OPs; water solubility's >5mg L -1 ; Table S1 ).
Evidence for considerable evaporative losses in STPs was however found for cyclic methylsiloxanes. The proportion of their quantities used that reach STPs and sorb to sludge seems to strongly depend on their vapor pressures, which decrease with the number of siloxane units. Octa-(D4), deca-(D5), and dodeca-methylcyclotetrasiloxane (D6) were recovered at 1.3%, 17%, and 54%, respectively. The losses may occur either during biological sewage treatment or sludge digestion. The latter process is known to result in tainted biogas that cause deposits in boilers fed such fuel (Dewil et al., 2006 (Dewil et al., , 2007 . Similarly, volatilization is probably the reason for the relatively low recovery of limonene (0.46%).
Biodegradation
Unlike the other PPCPs, the non-steroid anti-inflammatory substances (NSAIDs) were recovered to a low degree (0.04%) in sludge, which may indicate biodegradation and/or passage through STPs in aqueous phase. The latter explanation is less likely as antibiotics are more water soluble and recovered to a greater extent (about 50%). Moderate (diclofenac; 32%) to high (ibuprofen, naproxene, and ketoprofen; 65-90%) removal efficiencies has been reported for Swedish STPs (IVL, 2006) . The cited study also showed that the removal efficiency varies considerably between STPs, and that the removal efficiency tends to be lower in STPs located in the northern part of Sweden, possibly due to lower water temperatures (and lower biological activity).
The percentage recovered of long-chain phthalates (Fig.2) seems to correlate to their molecular weight, maybe due to less availability for biodegradation of the larger molecules. Similarly, of the eight adipates investigated, only the largest (di-(2-ethylhexyl) adipate, DEHA) was detected in sludge. Earlier studies have reported that most of the phthalates are biodegradable in sludge (Liang, et al. 2008 ).
Biodegradation may also be responsible for the low percentage (0.01%) of tributyl phosphate (TBP) recovered in sludge (Fig.2) . TBP has lower water solubility than tris(2-chloropropyl) phosphate (TCPP) and should therefore associate more strongly to sludge, but are still recovered to a 10-fold lower degree. From reports in the scientific literature it is known that TBP and other aliphatic OPs are more degradable than aromatic OPs (e.g. triphenyl phosphate, TPP) and that chlorinated OPs (e.g. TCPP) are most persistent (Saeger et al., 1979; WHO, 1991a WHO, , 1991b WHO, , 1998 .
Water solubility
The proportions of OPs found in the sludge (0.06%) were much lower than PCAs and PBDEs (Table 4) although they are used in similar applications. This may be partially due to recent substitution of the latter by OPs that will immediately influence the statistics, but only slowly affect the levels in sludge (due to long lifetime and large stocks in use). However, the OPs generally have higher biodegradability (3.3.2.) and higher water solubility than PBDEs. Hence, larger proportions of these substances may be degraded or pass through STPs. Chlorinated OPs such as tris(2-chloroethyl) phosphate (TCEP) and TPP are both persistence and water soluble and have been shown to pass STPs to a great extent .
Detection of point sources and differences in use pattern
The PCA model was generated to obtain an overview of the relationships between individual pollutant concentrations (or groups of pollutants) and individual STPs (or groups of STPs). Points representing all STPs, except STP E, cluster near the origin of the score plot (Fig.3a) , indicating that these plants have similar pollutant profiles. STPs A, B, D, and F are separated to some degree from STPs C and G, generating sludge with lower overall pollutant levels than the other STPs, hence confirm earlier statement (3.1.).
The PCA loading plots show that sludge from STP E has higher proportions of most PFCs (Fig.3b and Fig.S2 ) -various pesticides (Fig.3c) , hexachlorobenzene (HCBz), highly chlorinated PCDD/Fs (Fig.3d) , 4-nonylphenol (4NP) and PBDE 209 (Fig.3e) than the other STPs. The high levels of PFCs in its sludge may be related to textile factories and associated facilities that are connected to STP E and may use these substances during their manufacturing processes or, alternatively, the compounds may be present in imported materials they use. The relatively high levels of the highly chlorinated PCDD/Fs may be related to use of pentachlorophenol as fungicide, e.g. during storage/transport of fabrics, consistent with previous analyses of various municipal solid waste fractions that have shown that the textile fraction contains highest percentages of total PCDD/Fs (Hedman et al., 2007) . It may be worth noting that the Swedish textile industry no longer uses perfluoroalkylsulfonates (PFOS, PFDS, PFHxS), and that the STP handling sewage from the textile industry (STP E) contains similar concentrations of PFOS as the other STPs. In fact, sludge from the two largest STPs (A, B) and STP D contains more perfluoroalkylsulfonates than STP E. Imported products that contain PFCs (excluded in the product register) are assumed to be the primary current sources of PFCs in Swedish STPs.
Sludge from STPs A, B, and D also contains large proportions of metals, antibacterial agents (triclosan and OTCs), and two phthalates (DEHP and di-iso-nonyl phthalate, DINP) that are used as plasticizers in polyvinyl chloride (PVC). These cities are growing rapidly, as their traffic intensity, which may explain the high metal and phthalate levels. The elevated levels of zinc and lead may stem from brake linings of motor vehicles (Hjortenkrans et al., 2007) and metal plated roofs, and the phthalates from building materials. The detection of DEHP at relatively high levels (mg kg -1 d.w.), although it has mainly been substituted by DINP since early 2000 (Petersson, 2004; Swedish Chemicals Agency, 2007a) , indicates that there may be a considerable time lag between regulatory actions and a corresponding drop in pollutant levels, due to the large amounts of DEHP remaining in the technosphere. In one case, STP D, industrial production of vinyl flooring was identified as a possible contributor. Furthermore, all three cities have relatively young and dynamic populations that are likely to buy/use more sports/functional clothing (often containing PFCs/antibacterial agents) than the populations connected to the other STPs.
Sludge produced by the two STPs (C, G) with lowest sludge contaminant levels has relatively high proportions of the fungicide propiconazole, which is primarily applied to barley crops. These STPs are situated in agricultural areas and STP C processes waste from a major food-processing plant, which may explain the occurrence of propiconazole in its sludge.
Conclusion
The overall levels and distribution patterns of the sludge contaminants are quite similar, hence these parameters do not seem to be dependent on either the location/size/treatment technique of the plants, or generally the types of human activities that affect the waste streams they handle. Using PCA, minor variations in pollutant levels and patterns were identified and attributed to potential sources. There were clear differences in the PFC distribution patterns between the STPs that could be related to textile industries around STP E, and the occurrence of relatively high levels of propiconazole in sludge from STPs C and G could be associated with agricultural activities.
The proportions of the amounts used found in sludge were generally lower for compounds that are incorporated in consumer goods than for compounds used as detergents or PPCPs and pollutants emitted from point sources. Some (weak) correlations were found between the national use statistics of the chemicals and their measured concentrations in sludge. However, the product registry does not include chemicals in imported goods. Even for articles produced in Sweden it is difficult to determine how much of the various chemicals actually are emitted from the products and reach the sewage system. Thus, there is a need for generic reliable emission models for chemicals in consumer articles. (Swedish Chemicals Agency, 2007b Percentage of the total annual production of sewage sludge in Sweden (Swedish EPA, 2007) . e Percent dry weight of total mass. (Swedish EPA, 2007) . .94 (TCPP excluded). OPs, organophosphorus compounds (TBP, tributyl phosphate; TCEP, tris(2-chloroethyl) phosphate; TPP, triphenyl phosphate; TCPP, tris(2-chloroisopropyl) phosphate; TDCPP, tris(1,3-dichloro-2-propyl) phosphate); DEHA, di-(2-ethylhexyl) adipate; Phthalates (DEHP, di-(2-ethylhexyl) phthalate; DINP, di-iso-nonyl phthalate; DIDP, di-isodecyl phthalate); PBDE #209, decabrominated diphenylether. Comprehensive mass flow analysis of Swedish sludge contaminants 
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Selection of chemicals
The organic compounds monitored in the Swedish annual sludge sampling program, and included in this study, were selected from Scandinavian priority lists, the European Union Water Framework Directive (WFD) (EU, 2000), or the "Working document on sludge" (CEC, 2000) . A wide range of biocides and pesticides are also included (generated from the Swedish EPA emerging pollutants screening program), most of which are restricted in the EU (EU, 1991) and classified as POPs (UNEP, 2001) or as WFD priority substances (EU, 2000) . As part of their normal routines the STPs monitor levels of polycyclic aromatic hydrocarbons (PAHs), PCBs, and 4-nonylphenol (compiled from environmental reports).
Sewage treatment plants and sample collection
Dewatered digested (anaerobic) or stabilized (aerobic) sludge was collected at seven STPs (Table 3 and Fig.S1 ) spread across Sweden in the autumn of 2004 (unless otherwise stated). These STPs represent large-, medium-and small-sized plants. Samples were collected during periods of normal working and weather conditions. Composite samples (n=3) from each STP were collected in dark bottles within one hour after sludge dewatering. In order to reduce the risk of microbial degradation, the sludge samples were frozen immediately after sampling and stored in freezer at -18°C until the chemical analysis.
Analysis and QA/QC
The chemical analyses were performed at Swedish laboratories experienced in the analysis of the target substances. These laboratories use established laboratory quality assurance and quality control (QA/QC) procedures. In parallel with all samples, method blank samples were run as controls to ensure that any contamination during preparation, clean-up, and instrumental analysis did not significantly influence the quantitative results. For a positive identification the analyte chromatographic retention time had to agree with that of an authentic reference standard and its signal intensity had to be at least 3×LoD (limit-of-detection). 
